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Abstract Observations during the satellite era 1979–2018 only depict small sea surface temperature
(SST) trends over the Equatorial Atlantic cold tongue region in boreal summer. This lack of surface
warming of the cold tongue, termed warming hole here, denotes an 11% amplification of the mean SST
annual cycle. The warming hole is driven by a shoaling of the equatorial thermocline, linked to increased
wind stress forcing, and damped by the surface turbulent heat fluxes. The satellite era warming deficit is
not unusual during the twentieth century—similar weak trends were also observed during the 1890s–1910s
and 1940s–1960s. The tendency for surface cooling appears to reflect an interaction of external forcing,
which controls the timing and magnitude of the cooling, with the intrinsic variability of the climate system.
The hypothesis for externally forced modulation of internal variability is supported by climate model
simulations forced by the observed time‐varying concentrations of atmospheric greenhouse gases and
natural aerosols. These show that increased greenhouse forcing warmed the cold tongue and aerosols cooled
it during the satellite era. However, internal variability, as derived from control integrations with fixed,
preindustrial values of greenhouse gases and aerosols, can potentially cause larger cooling than observed
during the satellite era. Large uncertainties remain on the relative roles of external forcing and intrinsic
variability in both observations and coupled climate models.
Plain Language Summary The Atlantic cold tongue is a region of locally cooler ocean surface
waters that develops just south of the equator in boreal summer, partly reflecting the upwelling of deep
cold waters by the action of the southeasterly trade winds. Although there has been considerable global
warming since the beginning of global satellite measurements in 1979, there is hardly any surface warming
in the Atlantic cold tongue region during 1979–2018. This warming hole is most pronounced in boreal
summer. Observations suggest that despite strong heat transfer from the atmosphere to the ocean, the upper
ocean may have cooled. Climate model simulations show that variations in external forcing associated with
greenhouse gases can cause warming of the cold tongue and aerosols cooling of it. However, model
simulations that exclude variations in these external forcing show that the mechanisms internal to the
climate system can potentially cause larger cooling than observed during the satellite era. Thus, we attribute
the warming hole to a combination of internal variability and external forcing. It must be stressed, however,
that understanding the relative roles of internal variability versus external forcing is greatly hampered by
large errors in both the observational data sets and climate models.
1. Introduction
The tropical Atlantic has experienced substantial warming of the sea surfaces temperature (SST) since the
beginning of the twentieth century (Deser et al., 2010; Li et al., 2015; Servain et al., 2014; Tokinaga &
Xie, 2011). The profound warming trends, which dominate global‐scale tropical atmosphere‐ocean telecon-
nections during the satellite era since 1979 (Li et al., 2015), are attributed to rising levels of anthropogenic
greenhouse gases (Bindoff et al., 2013). The stronger warming over the equatorial Atlantic and weakening
of the southeasterly trade winds during the 1950–2009 period may additionally be related to anthropogenic
aerosols loading over the Northern Hemisphere (Tokinaga & Xie, 2011). However, the southeasterly trade
winds strengthened during more recent periods 1964–2012 and 1976–2012 (Servain et al., 2014).
Apart from atmospheric greenhouse and aerosol forcing effects, the long‐term trends in the SST over equa-
torial Atlantic may also be modulated by internal variability of the climate system. Specifically, the roles of
the meridional overturning ocean circulation and the related Atlantic Multidecadal Variability have
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• Observations show small warming
trends over the equatorial Atlantic
in boreal summer during the
satellite era
• The small trends are driven by
intensified shoaling of the
thermocline and damped by the
surface turbulent heat fluxes
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previously been highlighted in this context (Haarsma et al., 2008; Li et al., 2015; Martín‐Rey et al., 2018; Polo
et al., 2013; Svendsen et al., 2014; Yan et al., 2018).
Here we show that in contrast to the basin‐scale SST warming over the tropical Atlantic described in some
previous studies, there is hardly any SST warming over the central equatorial Atlantic in boreal summer dur-
ing the satellite era 1979–2018. The present study, using observations, reanalysis data sets, and climate mod-
els, describes this lack of warming trends as a “warming hole”—an analogy to the warming deficit in the
subtropical gyre region of the North Atlantic Ocean (Caesar et al., 2018; Drijfhout et al., 2012; Gervais
et al., 2018; Rahmstorf et al., 2015)—and investigates the possible causes, internal and external. The data
and statistical methods used are described in section 2; the warming hole is discussed in section 3 and the
associated surface heat flux and ocean circulation changes in section 4. The relative roles of internal varia-
bility and external forcing are investigated in section 5, and the paper ends with concluding remarks in
section 6.
2. Data, CMIP5 Ensembles, and Statistical Methods
This study focuses on the satellite era since 1979 with generally improved climate observations including the
integration of in situ and satellite‐derived measurements (Reynolds et al., 2002). Nonetheless, there are some
remaining uncertainties that we characterize by using multiple observational and reanalysis data sets. We
analyzed the trends of the SST, surface wind stress, and net heat flux (Qnet) as well as the vertical ocean tem-
perature profiles in the equatorial Atlantic Ocean. Information on the data sets used including the spatial
resolution, key references, variables, and period analyzed is listed in Table 1.
We investigate the possible roles of external forcing (greenhouse gas and aerosols) and of intrinsic variability
of the climate system for the trends using an ensemble of 15 models from the Coupled Model
Intercomparison Project phase 5 (CMIP5; Taylor et al., 2012). Outputs from four different experiments are
used that are of interest here (Table 2), where the first realization was chosen when multiple realizations
were available. The analyzed simulations are forced by (1) observed historical greenhouse gases and aerosols
(“all forcing”), (2) observed historical greenhouse gases only (“GHGs”), (3) observed historical aerosols only
(“aerosols”), and (4) fixed preindustrial values of GHGs and aerosols (“piControl”). The satellite era period
available for the historical forcing simulations 1979–2005 was used to construct multimodel ensembles; for
the piControl the ensemble was based on 300 years of integration.
For the observations and the CMIP5 ensembles, we estimated monotonic trends as the nonparametric
Theil‐Sen median slope (Sen, 1968; Theil, 1950) and tested for statistical significance using the
Mann‐Kendall rank statistic (Kendall, 1975; Mann, 1945). These nonparametric methods are less affected
by outliers. The application of parametric methods (not shown) does not change our conclusions. The obser-
vational and model uncertainties are estimated using two‐tailed Student t test. All statistical significance
tests are marked at the 95% confidence level, except where it is stated otherwise. For consistency, all trend
estimates have been scaled to 40 years irrespective of actual number of years analyzed.
3. The Warming Hole
The most striking feature of the SST trends over the tropical Atlantic during 1979–2018 is the occurrence of
very weak trends, which are characterized by statistically nonsignificant trends, in the cold tongue region
during boreal summer (July–September, JAS; Figures 1a and 1c). The weakest trends, termed “warming
hole,” appear in an extended area of the equatorial Atlantic in different data sets (Figures 2a–2f). Despite
some sensitivity in the location of the warming hole to the choice of data set (Figure 2), all analyzed observa-
tional data sets show statistically nonsignificant trends in the Atlantic Niño region (Atl3; 3°S–3°N, 0°–20°W,
shown by box in Figures 1a and 2a–2n) where the ensemble mean trend is 0.21 °C per 40 years (marked by
dashed horizontal line in Figure 1c).
Consistent with the entire satellite era, the warming hole is also present during the 1984–2009 period
(Figures 2g–2n) for which observations of theQnet discussed in subsequent sections are available. By plotting
the multi‐data sets 95% confidence limits of the SST trends over the region 3°N to 3°S on the same axes, simi-
lar structure of warming hole is seen for the 1979–2018 and 1984–2009 periods (Figure 2o). While the two
periods show cross‐equatorial SST gradient and warming hole along the equator, there are large
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uncertainties, with some data sets (notably KAPLAN andHadISST) exhibiting smallest trends to the south of
the equator, and this is more pronounced during the 1984–2009 (Figures 2i and 2j). We further analyzed the
higher‐resolution version of the OISST at ¼° horizontal grids and the Pathfinder SST at a horizontal grid
spacing of 4 km (Figures 2m and 2n). The OISST ¼ and Pathfinder 4 km are derived from satellites that
imply a good and consistent temporal observational coverage, and they both show warming deficit in the
warming hole region. Compared to the OISST 1° × 1°, the warming hole is more clearly defined along the
equator in OISST ¼°, suggesting that increasing the resolution enhances representation of the SST trends.
Although the high 4 km resolution of the Pathfinder data set reveals quite noisy pattern, there is an
overall good spatial agreement between the two satellite data sets.
We now focus on the Atl3 region, as it is a key index of the equatorial Atlantic interannual climate variability
(Foltz et al., 2019;Keenlyside & Latif, 2007; Lübbecke et al., 2018; Zebiak, 1993). Following the mean annual
cycle (Figure 1b), the Atl3 SST trends decline systematically from January–March (JFM) to April–June
(AMJ) and JAS and then increase in October–December (OND) in observations (Figure 1d). The largest sea-
sonal decline occurs between boreal spring and summer (from 0.5 ± 0.12 °C per 40 years in AMJ to
Table 1
Information on the Data Sets Analyzed and Their Sources
Data set Resolution (Lat × Lon × Lev) Reference Variable(s) Type Period(s)
Surface data sets
1. ERSST v5 2° × 2° Huang et al. (2017) SST In situ 1979–2018
2. COBE v2 1° × 1° Hirahara et al. (2014) SST In situ 1979–2018
3. HadISST 1° × 1° Rayner et al. (2003) SST In situ 1979–2018
4. KAPLAN 5° × 5° Kaplan et al. (1998) SST In situ 1979–2018
5. OAFLUX 1° × 1° Yu and Weller (2007) SST, Qnet In situ/Satellite 1979–2018/1984–2009
6. OISST v2 1° × 1°/ ¼° × ¼° Reynolds et al. (2002) SST Satellite 1982–2018/1984–2009
7. NCEP 1.9° × 1.9° Kalnay et al. (1996) Wind stress, Qnet Reanalysis 1979–2018/1984–2009
8. ERAI 0.75° × 0.75° Dee et al. (2011) Wind stress, Qnet Reanalysis 1979–2018/1984–2009
9. ERA5 0.25° × 0.25° Hersbach et al. (2018) Wind stress, Qnet Reanalysis 1979–2018/1984–2009
10. PATHFINDER 4 km Kilpatrick et al. (2001) SST Satellite 1984–2009
11. TROPLUX 1° × 1° Kumar et al. (2012) Wind stress, Qnet Reanalysis, bias‐corrected 1979–2018/1984–2009
Ocean profile data sets
12. EN4 1° × 1° × 42 Good et al. (2013) Temperature In situ 1979–2018
13. GECCO2 1° × 1° × 50 Köhl (2015) Temperature Reanalysis 1979–2016
14. GODAS 0.4° × 1° × 42 Behringer et al. (1998) Temperature Reanalysis 1980–2018
15. ORAS4 1° × 1° × 42 Balmaseda et al. (2013) Temperature Reanalysis 1979–2017
16. ORAS5 1° × 1° × 75 Zuo et al. (2019) Temperature Reanalysis 1979–2017
17. SODA331 0.5° × 0.5° × 42 Carton et al. (2018) Temperature Reanalysis 1980–2015
Table 2
List of the Models Used to Construct the CMIP5 Ensembles Analyzed
CMIP5 model Ocean grids (Lat × Lon × Lev) Reference
1. BCC‐CSM1 232 × 360 × 40 Xin et al. (2013)
2. CanESM2 192 × 256 × 40 Arora et al. (2011)
3. CCSM4 320 × 384 × 60 Gent et al. (2011)
4. CNRM‐CM5 362 × 292 × 42 Voldoire et al. (2013)
5. CSIRO‐Mk3‐6‐0 189 × 192 × 31 Rotstayn et al. (2012)
6. GFDL‐CM3 200 × 360 × 50 Delworth et al. (2006)
7. GFDL‐ESM 2 M 200 × 360 × 50 Dunne et al. (2012)
8. GISS‐E2‐H 90 × 144 × 26 Schmidt et al. (2006)
9. GISS‐E2‐R 90 × 144 × 32 Schmidt et al. (2006)
10. HadGEM2‐ES 216 × 360 × 40 Collins et al. (2011)
11. IPSL‐CM5A‐LR 149 × 182 × 31 Dufresne et al. (2013)
12. MIROC‐ESM 196 × 256 × 44 Watanabe et al. (2011)
13. MIROC‐ESM‐CHEM 192 × 256 × 44 Watanabe et al. (2011)
14. MRI‐CGCM3 368 × 360 × 50 Yukimoto et al., 2012
15. NorESM1‐M 320 × 384 × 53 Iversen et al. (2013)
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0.2 ± 0.13 °C per 40 years in JAS). The mean ocean‐atmosphere changes between these two seasons can be
linked to a strengthening of the southeasterly trade winds and cold tongue development (Foltz et al., 2019;
Lübbecke et al., 2018; Nnamchi et al., 2016; Okumura & Xie, 2004; Tokinaga & Xie, 2011; Xie &
Carton, 2004).
Superimposed on the SST annual cycle, the SST trends imply an 11% increase of the annual cycle during
1979–2018, as measured by the change in seasonal cooling from AMJ to JAS. However, the cold tongue
region has not increased in size or may have even shrunk slightly (the dashed green curve in Figure 1a), sug-
gesting that the satellite era warming hole is a localized phenomenon. Thus, the present study focuses on the
equatorial Atlantic Ocean. Further analyses are required to better understand the possible large‐scale con-
nections, but this is beyond the scope of the present study.
The trends in wind stress in Figure 1a correspond to a strengthening of the climatogical wind stress south of
the equator and over the western equatorial Atlantic where wind changes are considered key to the tongue
changes (Castaño‐Tierno et al., 2018; Keenlyside & Latif, 2007; Martín‐Rey & Lazar, 2019; Nnamchi
et al., 2015; Pottapinjara et al., 2019; Richter et al., 2013; Zebiak, 1993). The wind stress changes point to
an acceleration of the southeasterly trade winds (as discussed by Servain et al., 2014), although there are
some uncertainties in the Atl3 region among the different reanalysis data sets (Figures 1a and 3).
Consistent with a previous study (Li et al., 2015), the tropical North Atlantic depicts prominent warming and
a meridional gradient with increasing SST trends north of the equator (Figure 2). A meridional shift of the
Intertropical Convergence Zone (ITCZ, shown by the dashed gray curve in Figure 1a) is not obvious despite a
weakening of the northeasterly trade winds in parts of the basin giving rise to a characteristic “C‐shape”
Figure 1. Warming hole in the equatorial Atlantic during 1979–2018. (a) Trends (calculated from ERSST) of the summer (JAS) SST (color scale; statistically
significant values at the 95% confidence level are stippled) and surface wind stress from the bias‐corrected TROPFLUX data set (thick vectors are statistically
significant at the 95% confidence level). The solid box shows the Atl3 region: 3°S to 3°N, 0°–20°W; the dashed box shows the region over which wind stress
discussed in section is averaged as defined by Bunge and Clarke (2009). The gray and green curves denote the climatological‐mean ITCZ (defined as the latitude of
zero meridional wind stress in the region 10°S to 20°N) and cold tongue edge (defined by a mean SST of 25 °C), respectively. To construct the solid curves, the
40‐year trends have been removed from the JAS mean ITCZ and SST; the dashed curves include the 40‐year trends. (b and d) Climatological mean and
trends of the Atl3 index in observations. The vertical bars in (d) indicate the 90% and 95% confidence intervals using the six observational datasets. (c) Trends of
zonally averaged SST across the equatorial Atlantic (3°S to 3°N) in different data sets; statistically significant trends are marked by unfilled shapes. The gray curve
and filled area show the multi‐data set mean and 95% confidence limit, respectively. The mean SST trend in the Atl3 region (0.21 °C) is shown using the
dashed horizontal line.
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wind stress structure. At decadal time scales, this tropical Atlantic configuration has been linked to changes
in the Atlantic Multidecadal Variability and the meridional overturning ocean circulation (Chang
et al., 1997; Polo et al., 2013; Ruprich‐Robert et al., 2017).
4. Surface Heat Flux and Ocean Circulation Changes
Local SST trends are governed by a combination of changes in net surface heat flux, Qnet, and ocean circula-
tion effects. Here we analyze the OAFLUX data set that provides an observational estimate of the Qnet based
on satellite‐derived radiative fluxes (Rossow & Schiffer, 1999) and in situ‐derived turbulent fluxes (Yu &
Figure 2. Spatial patterns of the warming hole in JAS using different data sets during (a–f) 1979–2018 (1982–2018 for the OISST in f) and (g–n) 1984–2009. The
data sets are indicated on the top‐left corner of each panel. The box shows the Atl3 region. (o) Trends of zonally averaged SST across the equatorial Atlantic (3°S to
3°N); the filled area shows 95% confidence limit based on 1984–2009 (red) and 1979–2018 (gray), respectively.
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Weller, 2007), and which is available for the period 1984–2009. As discussed in section 3, the warming hole is
also pronounced during 1984–2009, and so we can investigate the possible roles ofQnet using this period. The
OAFLUX Qnet and SST trend patterns are generally anticorrelated over the equatorial Atlantic Ocean
(Figures 4). Positive Qnet trends indicate the ocean gains heat, and thus, this cannot explain the lack of
SST warming. Despite the substantial differences among the patterns, they all show more heat entering
the ocean in the region of cooling during this period.
The positive Qnet trends imply that the atmosphere damps the SST changes in the warming hole region. To
better understand the damping mechanism, we decompose the Qnet into its radiative (QSW + QLW) and tur-
bulent (QLH + QSH) components, where QSW, QLW, QLH, and QSH represent the shortwave, longwave, latent
heat, and sensible heat fluxes, respectively. As shown in Figure 5, the radiative fluxes seem less important
(Figures 5a–5e), the warming hole is primarily damped by the turbulent fluxes (Figures 5f–5j). The turbulent
fluxes are controlled by the wind speed and air‐sea humidity and temperature differences according to the
bulk parameterizations:
QLH ¼ −ρLeceU qs − qa½ ; (1)
QSH ¼ −ρCpchU Ts − Ta½ ; (2)
where ρ is the surface air density; Cp is specific heat capacity at constant pressure and Le is the latent heat of
Figure 3. JAS trends of wind stress in ERAI, ERA5, and NCEP, 1979–2018. Thick vectors are statistically significant at the 95% confidence level. The data sets are
indicated on the bottom‐left corner of each panel.
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vaporization; and ce and ch are the stability‐ and height‐dependent turbulent exchange coefficients for latent
and sensible heat. The term Ta denotes the temperature and qa the specific humidity at the reference height
of 2 m above the surface and qs the saturation specific humidity at the surface temperature (SST, Ts). The
QLH typically dominates the turbulent fluxes over tropical oceans. The wind stress trends are quite
uncertain over the warming hole (Figures 1a and 3). Assuming the winds were unchanged during the
satellite era, the QLH trends would largely be explained by air‐sea humidity differences.
As the atmosphere damps the SST changes over the warming hole, ocean dynamical processes must account
for the lack of SST warming. The vertical profiles of ocean temperature across the equatorial Atlantic 3°S to
3°N depict cooling trends beneath the sea surface in all analyzed datasets (Figure 6). These are located near
Figure 4. Trends of the Qnet trends and the corresponding SST trends, 1984–2009. Left panels: (a) the trends based on satellite‐derived radiative fluxes (Rossow &
Schiffer, 1999) and in situ derived turbulent fluxes (Yu & Weller, 2007). Positive flux trends indicate that the ocean gains heat from the atmosphere. The
subsequent panels are Qnet based on the reanalysis data sets indicated on the bottom‐left corner. Right panels: SST trends for the data sets shown on the left
panels. The OAFLUX data set (Figure 2k) is shown here for reference. In all panels, statistically significant trends at the 95% confidence level are stippled.
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the thermocline defined by the 20 or 23 °C isotherm. There is, however, a large sensitivity of the position of
the thermocline to the choice of data set, as exemplified by the differences between ORAS4 and ORAS5.
Overall, the temperature profiles imply a shoaling of the equatorial thermocline, which would tend to
cool the surface through climatological upwelling of anomalous cool subsurface temperature.
A thermocline shoaling can be caused by ocean dynamical processes through local and nonlocal wind stress
forcing. The thermocline, defined as the depth of maximum vertical gradient of ocean temperature, is very
sensitive to wind stress changes in the equatorial Atlantic (Castaño‐Tierno et al., 2018). The wind changes
over the western equatorial Atlantic are consistent with upwelling equatorial Kelvin wave that will cause
a shoaling of the equatorial thermocline in the east (Ding et al., 2009). The zonal wind stress (τχ) averaged
over the equatorial Atlantic exhibits a large annual cycle with a maximum during the boreal summer
(Figure 7a). The τχ i is averaged over the region 10–42°W, 2°S to 2°N shown in Figures 1 and 3. Locations
Figure 5. Decomposition of the Qnet into the radiative (left panels) and turbulent (right panels) components. Statistically significant trends at the 95% confidence
level are stippled. The data sets are indicated on the bottom‐left corner of each panel.
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east and west of this region are greatly affected by the African continent and mesoscale eddies, respectively
(Bunge & Clarke, 2009), and are therefore not included in our analysis.
The τχ in summer in all analyzed data sets shows strong trends that represent a strengthening of the prevail-
ing easterlies (Figure 7b). The strong τχ forcing is consistent with eastward shoaling of the thermocline sug-
gested by the temperature profiles (Figure 6). This mechanisms is important for the annual cycle (Bunge &
Clarke, 2009; Ding et al., 2009) and may explain why the warming deficit is most pronounced during the
summer upwelling season. On the other hand, strong SST warming is observed to the east of the warming
hole, where the prevailing winds are greatly modified by the African continent giving rise to a distinct varia-
bility (Bunge & Clarke, 2009; Li & Philander, 1997).
5. The Relative Roles of Intrinsic Variability and External Forcing
We discuss the possible roles of external forcing (GHGs and aerosols) and internal variability for the emer-
gence of the warming hole in the equatorial Atlantic during the satellite era using the CMIP5 ensembles. The
forced experiments end in 2005, and we analyze the CMIP5 ensembles and compare them with observations
for the overlapping 27‐year period from 1979 to 2005. The spread of the trends across the 15 models reflects
both internal variability and model uncertainty, and the ensemble mean provides an estimate of the trend
due to the prescribed external forcing.
The “all forcing” ensemble, representing the combined effects of GHGs and aerosols, significantly overesti-
mates the observed satellite era Atl3 SST trends (Figures 8a and 9b). The CMIP models exhibit systematic
Figure 6. Vertical structure of the ocean temperature trends in JAS, 1979–2018. (a–f) The profile is based on the ocean potential temperature averaged in the
equatorial Atlantic 3°S to 3°N using (a) in situ derived and (b–f) ocean reanalysis data sets. The curves show the climatological‐mean 20 and 23 °C contours
representing commonly used definitions of the thermocline. In all panels, stippling denotes statistically significant trends at the 95% confidence level.
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biases in the mean‐state SST (Prodhomme et al., 2019; Richter et al., 2014;
Richter & Xie, 2008; Wang et al., 2014), but we do not find any clear rela-
tionship of the SST trends to model biases. The strong overestimation of
the SST trends could argue for internal variability as the source of the
warming hole. Greenhouse gas forcing dominates the warming trends
over the cold tongue (Figures 8a and 9c). In contrast, the aerosol‐forced
ensemble hardly depicts significant trends in the Atl3 region (Figures 8a
and 9d). However, there are strong SST trends north of the equator
(Figure 9d), consistent with decreased atmospheric aerosol loading over
North Atlantic in recent decades (Booth et al., 2012).
The role of aerosols in Atlantic climate variability is a contentious subject
of ongoing research (Bellomo et al., 2017; Booth et al., 2012; Evan et al.,
2009; Haustein et al., 2019; Yan et al., 2019; Zhang et al., 2013). Previous
studies discussed interhemispheric SST gradient over tropical Atlantic
(with warmer south and colder north) as robust response to aerosol for-
cing in climate models during the twentieth century (Biasutti &
Giannini, 2006; Booth et al., 2012; Chang et al., 2011; Held et al., 2005).
The analysis here also shows ensemble SST trends that are consistent with
aerosol forcing during the satellite era. However, the large differences
between the ensemble‐SST trends simulated in the “all forcing” experi-
ment, and observations highlight the difficulty in understanding the roles
of external forcing, as the role of aerosols may be underestimated in
the models.
The observed interannual variability in equatorial Atlantic, represented
by standard deviation of the Atl3 index, amounts to 0.4 °C (Figure 8b).
This is closely reproduced in all CMIP5 ensembles. However, the standard
deviations in the models are not obviously related to the simulated
Atl3 trends.
To estimate the trend for the piControl ensemble, we first create similar
27‐year (k) chunks using 300‐year of integration integration (n) of each model. Thus, there are n–k or 273
chunks leading to 273 SST trend maps for each model. The multimodel mean and standard deviation of
the trendmaps are calculated (Figures 9e and 9f). As expected, the unforced piControl ensemble, which only
provides the internal variability of the coupled models, exhibits zero trends over the equatorial Atlantic in
the ensemble mean (Figure 9e). The internal variability estimated by the multimodel standard deviation,
which has been multiplied by −1 to facilitate comparison with the observed cooling trend, exhibits strong
SST cooling trends (Figures 8a and 9f). The internal variability, as represented by the standard deviation
of the piControl ensemble SST trends, can potentially cool temporarily the Atl3 region beyond the 95% limit
of the greenhouse gas and aerosol effects 1979–2005 (Figure 8a).
We further illustrate the possible roles of internal variability by placing the recent warming hole in a histor-
ical observational context using the JAS Atl3 40‐year running trend 1870–2018 (Figure 10). The choice of
40‐year windows aims to clarify whether or not the 1979–2018 equatorial Atlantic warming hole is unusual
during the twentieth century. The 40‐year running‐trend curve exhibits multidecadal fluctuations; weak SST
trends were also observed during the 1890s–1910s and 1940s–1960s, accompanied by epochs of stronger
trends. These previous weak trends suggest that the satellite era warming hole is not unusual during the
twentieth century.
The Atl3 running‐trend curves in the different data sets exhibit an overall statistically significant upward
trend of 0.25 ± 13 °C per 40 years. By removing this long‐term trend that can be largely attributable to exter-
nal forcing, which dominates trends in the climate system (Stocker et al., 2013), multidecadal fluctuations
emerge that may reflect internal variability (dashed red curves in Figure 10). Based on the detrended curves,
there are large changes in the magnitude of the running trends and in timing of the phase shift. The recent
warming hole starts earlier, and the 1979–2018 trend drops from 0.44 ± 0.16 °C per 40 years to
−0.16 ± 0.34 °C per 40 years based on the detrended curves. Thus, external forcing may have contributed
Figure 7. Seasonality of wind stress over the equatorial Atlantic, 1979–
2018. Shown are the (a) mean and (b) trends of the τx averaged over the
region 10–42°W, 2°S to 2°N (shown in Figures 1 and 3) as defined by Bunge
and Clarke (2009). Negative (positive) τx values denote easterlies
(westerlies). In (b), filled circular ticks denote statistical significance at the
95% confidence level.
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about 0.60 °C per 40 years warming of the cold tongue during the recent period, without which the satellite
era warming hole would have been substantially colder. Thus, although the warming hole may be internally
driven, the SST trends appear to have been strongly modulated by external forcing.
Previous studies show that the internal low‐frequency variability superposes strongly the global warming
effects during the recent decades (Dong & Zhou, 2014; Liu & Sui, 2014). The satellite era Atlantic trends
are characterized by a conspicuous cross‐equatorial gradient with warmer Northern Hemisphere and cooler
Southern Hemisphere with respect to the SST and subsurface ocean temperatures, implying regional
Figure 8. Internal and external forcing of the equatorial Atlantic SST trends. (a) JAS Atl3 SST trends in observations and externally forced historical experiments
(all forcing, GHGs, and aerosols) 1979–2005 and 300‐year run of the unforced piControl. For the piControl, the trends were first estimated using similar
(27‐year) chunks and then the standard deviation of the trends estimated and inverted for plotting. (b) Interannual variability of the Atl3 index in the CMIP5
ensemble. The index is for JAS during 1979–2005 in observations and externally forced historical experiments (all forcing, GHGs, and aerosols); for the unforced
piControl, 300‐year of integration was analyzed. Note that the two panels are based on the same scale to facilitate immediate visual comparison.
Figure 9. Mean trends of the observational and CMIP5 ensembles, 1979–2005. In (a)–(d), stippling denotes statistically significant trends at the 95% confidence
level. For the unforced piControl, first, the trends were estimated using similar (27‐year) chunks and then the (e) mean and (f) standard deviation of the trends
estimated. Note that the standard deviation is inverted for plotting to be consistent with warming hole.
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changes in ocean heat content (Liu & Sui, 2014; Dong & Zhou, 2014; Li et al., 2014, 2015). The North Atlantic
SST averaged from 0°N to 70°N (NASST) variability strengthened overall since the 1970s (Frajka‐Williams
et al., 2017) when the warming deficit emerged in the equatorial cold tongue region. Thus, the detrended
41‐year low‐pass filtered annual‐mean NASST index shows an out‐of‐phase relationship with the Atl3
40‐year running trend curve (Figure 10). The correlation between the two time series, a measure of the
low‐frequency behavior of the cross‐equatorial SST gradient, is −0.57 ± 0.14 (using the nonparametric
Spearman's rank correlation, significant at the 95% confidence level). Thus, there is a robust inverse relation-
ship between the Atl3 SST trend changes and low‐frequency NASST anomalies during the twentieth
century.
6. Concluding Remarks
Although there has been a substantial warming of the tropical Atlantic (Deser et al., 2010; Li et al., 2014, 2015;
Servain et al., 2014; Tokinaga & Xie, 2011), we uncover a warming hole during the satellite era, defined by
small SST trends in the equatorial cold tongue region during the boreal summer upwelling season. Similar
weak trends were also observed during the 1890s–1910s and 1940s–1960s, accompanied by epochs of strong
trends. Thus, the satellite era warming hole in the equatorial Atlantic is not unusual during the twentieth
century. The warming deficit appears to be driven by a shoaling of the equatorial thermocline and damped
by the surface turbulent heat fluxes.
The satellite era warming hole in the equatorial Atlantic is associated with increased NASST anomalies
and a cross‐equatorial SST gradient. The low‐frequency behavior of the NASST has been linked to the
variability in ocean circulation (Gulev et al., 2013; McCarthy et al., 2015), surface fluxes (Clement
et al., 2015; Keenlyside et al., 2015), and external forcing (Bellomo et al., 2017; Booth et al., 2012;
Haustein et al., 2019). It is also strongly related to low‐frequency variability over the Pacific (Kucharski
et al., 2016; Sun et al., 2017; Zhang & Delworth, 2007).
An ensemble of 15 CMIP5 models show that greenhouse forcing warmed the cold tongue whereas aerosols
cooled it during the satellite era. The combined effects of greenhouse and aerosol forcing grossly overesti-
mate the equatorial Atlantic SST trends in the CMIP5 ensemble. Similarly, twentieth‐century observations
show that the SST trends would be of the order of about 0.60 °C per 40 years colder without the long‐term
monotonic trends, which may largely denote external forcing effects. Indeed, the CMIP5 ensemble shows
Figure 10. The 40‐year running‐trend of the Atl3 (red, the thin dashed curve has been detrended) and 41‐year running‐mean annual NASST index (dashed, blue)
in the different data sets indicated on the top‐left corner of each panel. The NASST is defined as Atlantic SST averaged from 0°N to 70°N, which has been
detrended. Both curves are centered in time around the years indicated on the abscissa. For the Atl3 40‐year trends, ticks denote statistical significance at the 95%
confidence level.
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that the warming hole can potentially originate from internal variability of the climate system, as even larger
cooling trends are present in the piControl experiment (Taylor et al., 2012). Thus, the satellite era warming
hole reflects the interactions of internal variability with externally driven changes in the equatorial Atlantic.
However, the understanding of the relative importance of internal variability and external forcing is ham-
pered by uncertainties in observations and coupled models.
The interannual climate variability over the equatorial Atlantic has weakened during the recent decades
(Tokinaga & Xie, 2011; Prigent et al., 2020). However, it remains unclear how the warming hole is related
to changes in interannual variability, including fluctuations in the SST variance and spatial structure
(Martín‐Rey et al., 2018, 2019). More research is needed to better understand how the reversal of the pre-
vious oceanic warming in the North Atlantic since the mid‐2000s (Robson et al., 2016) is related to the satel-
lite era equatorial Atlantic.
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